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For the mvestlgation of systems contammg several complex species at equdlbnum, a 
knowledge of the stolchlometry of the compleves and of their degree of formation IS 
nnportant It 1s necessary to determine the type of species exlsting and to calculate thex 

stablhty constants These two problems are closely Interconnected Only In rare examples 

of nmple equlhbrla 1s it possible to characterize the existence of different complexes, 
usmg expenmental data whch are not dependent on the stability constants On the other 
hand, a chemrcal model (number and type of species which can be formed m the equlllb- 
num murture) 1s always needed for the calculation of the stability constants 

The method commonly employed is to assume arbitrarily that the chermcal model 1s 
known. This assumption IS generally supported by the fact that the species taken mto 
conslderatlon have sometimes been isolated as solid phases Alternatively, analogy with 

apparently smular systems may be made. On the basis of this hypothesis, It IS possible to 
calculate the fo;matlon constants usmg one of the computer methods, which are by now 
widely applied Apart from some complications which may arise during the calculation 
(non-convergence, negative values for some constants, etc ), one obtains, after some cycles, 

the stability constants of the assumed species and their standard devlatlons At this point 
a statement 1s generally made about the agreement between experimental and calculated 
data The fit may be poor, satisfactory or good These statements, however, are often 
unfounded, smce a sufficiently rigorous statlstlcal basis IS mlssmg Should the agreement 

be considered unsatisfactory, new species are introduced m the calculation, m order to 

obtam a better fit with the experimental data. If a better agreement 1s found, the new 
species are retained in subsequent calculation However, m tlus case also, sound statlstlcal 
arguments should show that the new hypothesis IS sigmficantly better than the precedmg one 

The present commumcatlon deals with a new procedure for mvestlgatmg complex 
formation equlllbrla and wth the apphcatlon of some statistIca tests which are useful m 

the choice of the most probable chemical model for the system under conslderatlon 
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A CALCCLATLON 01‘ THE ST WILITY CONSTANTS 

The apphLdtlon of electromc computers to the determmatlon of stability constants hds 

been recentIy reviewed ’ The most commordy used procedures employ one of two mathe- 
matical approaches, I e the Gauss-Newton least squares method’ or the pit-mappmg 
method3 In both cases, an observable Varldble quantity y, which is a function of the 
equlhbnum constants fl! 

Y = fcp,, 

IS chosen, and the sum of the squares of the weighted residuals 

is mmmuzed with respect to (3,, as adJustable parameters In eqn (2), yibs represents the 
result of the kth measurement of the quantity y, yk calc the correspondmg value calculated 

according to eqn (1) and wk the we&t associated with the kth measurement 
We have recently developed a new method for least squares refinement of stability 

constants, which has been applied successfully to one metal -one hgand systems m 
aqueous solution, using pH-titration data Thus method allows the simultaneous determma- 

non of the formation constants of all complexes present m solution, such as simple, 

hydroxy and protondted species, both mono- and polynuclear 

Each point on a tltrdtlon curve represents an equlhbrlum state among Iv different 

species of general formula H,M,L,.(for details on the symbohsm, see ref 4) The concen- 

tration of each species H,,M, L, m the kth point KS given by 

[H,&Lrlx = L&r [HI; [Ml,4 P-1; 

where &,.Is the formation constant of the species under connderatlon, and [HIA. [MIX 

and [ L]k are the concenfratlons of the hydrogen ion, of the free metal and of the free 

hgand, respectively 

The mass balance equations for the kth pomt are 

(4) 

N 

Tk,3 = 1% + ,:, r/31,,, Wl,P [Ml,4 U-IL (5) 

where Tk ,. TA 2 and TX- j are the aralytlcal concentrations of hydrogen ion, metal ion and 
hgdnd. respectively These equations are non-lmear in the unknowns [M]k, [ L]k and OP4,_ 
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The value of [H17, IS obtamed from the potenttometru medsurcment 

The number of equations, m a set of rr pomts. is 3r1, and the number of unknowns IS 

211 + III. where in 1s the number of formatton constants to be determmed. The degree of 

freedom of the system ts then n - m 

In the present method, the error square sum 

1s mmuntzed wrth respect to the parameters [Ml,, [L], and fl& by the Newton-Raphson 

least squares method 5 The restduals of the mass balance equatrons. estmtated by consrder- 

mg random errors m the analytical concentrattons of the reactants, are all of the same 

order and are far greater than those from exper:mental potentrometrrc data For thrs 

reason, the use of equal weights IS satrsfactory The correcttons of the unknown param- 

eters, obtained from a least squares cycle, are multtphed by a factor such that the decrease 

of U 1s maximum for that cycle 6 The Iterative procedure IS continued, using the new ap- 

proxtmatron of the parameters, until all the shifts are less than a preestablished fraction 

of the values of the parameters to be refined 

The present method differs from those previously described ’ 3 becduse 

(I) the concentratrons of free metdi ton ,md free hgand for each pomt are considered as 

independent vartables, at the same level ds the stabrhty constants In the other refinements 

only the stabrhty constants are treated as adJustable parameters, whtle [M]k dnd [ L]A die 

calculated by simultaneous solutron of mdss balance equations (4) and (5). 

(11) the Newton - Raphson least squares method IS employed, and tt has been found 

more efficient than the conventtonal Gauss-Newton method When a sttuatton of non- 

convergence occurs (for example. due to poor estmlatron of the starting values of fi,,,_), 

the refinement procedure continues, for d pre-established number of cycles, usmg the 

steepest descwt method ‘, and 

(111) the calculated shrfts of the parameters are optumzed a sunliar procedure has 

recently been apphed successfully to the calculation of vtbrational force constants ’ 

We have obtamed sattsfactory results for all the systems mve~irgdted so far wtth d htgh 

rate of convergence, even if the starting values were estmrated roughly Furthermore. 

usmg this method, the calculated reSidUd)S follow a nearly normal dtstnbutron wrth a 

mean value Close to zero This allows us to make stdtlstical decrsrons about the goodness of 

the fit and to check whether the chemrcal model adopted for the calculatton of constants 

1s a good representatron of the data 

B TllSTS OI- SlGNIr ICANCLl 

As a measure of the agreement between evperunentdl dnd cdlcll~dted dater dnd by the 

analogy wrth crystallographrc calculattons, we can take the well known R factor 

defined as 

Coord Chem Re;t ,8 (1972) 
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‘(fcrlc fobs)* ,%; 
1 1 

R =: /I’ %3i ___~__ 
1 I 

I x (fiObS)2 w, 
1 I= 1 

where Job’ are the experimental quantltles Tk 1, Tk 2 and T~J (defined m the precedmg 
section), 6 cak the correspondmg values calculated accordmg to eqns (3)-(S), and w, the 

weights assigned 10 each mass balance equation We can define another quantity 

where er IS the residual m the Ith equation calculated from pesslmrstlc estimates of the 

errors m all the expenmenta1 quantltles and using the usual rules for propagation of error 

This quantity can be regarded ds a slgmficance limit for the function R and, as a conse- 

quence, if 

we shall be wdlmg to accept the hypothesis that the fit of the data IS satisfactory If. on 

the contrary, the computed value of the R factor, after the refinement of the stability 

constants, exceeds Rllm the agreement shall be consldered not satlsfdctory and other 

hypotheses about the chemlcdl model should be tried 

For &fferent hypotheses concermng the number and the type of the species formed 

m the complex chemical equlhbnum, different values of R will be obtained. Usmg these 

values. the R factor ratio test ’ (otherwise called the Hamilton test) can be performed 

Let us assume that the mmlmum value of the R factor, R,, has been reached for the 

hypothesis HO An alternatlve hypothesis, H,, which led to a value of R factor R,, can be 
reJected at the Q! significance level, If 

RJ > Rp,n-p.a 
RO 

where p 1s the number of unknown parameters refined md 12 -p IS the number of degrees 

of freedom of the least squares adJustmerIt A table of slgmficant values of R for different 

values of p, n-p and (Y has been reported m ref 9 If n - p is large, this quantity may also 

be calculated accordmg to 

Rpn-pa= v X& -• 1 
i7-p 
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C RESULTS 

The followmg examples ~111 help to Alustrate the practml application of the procedure 

described above 

(I) Coppel(II) f Me7tetren 

Me,tetren IS a pentadentate hgand, of formula 

CH3 CH3 CH3 
H3C I I I ,CH3 

‘N-CH,-CH,-N-CH,--Cl-I,-N-CH,-CH,-h’-CHZ-CH2-N, 

H,d/ CH3 

whtch forms a number of complekes with the copper(H) Ion Thus system was the subject 

of a prevrous mvestrgatron r” and the chemrcal model adopted on that oCcaston IS shown 

m the schematrc reactron dragram 

The vaiues of the logarrthms of the formatton constants obtained using thts chemical 

model (hypotheses He) are reported m Table 1 The R factor ts well below the value of 

R,,,,, and so we cdn be confident that the postuldted model IS d good representation of the 

evpernnentdl data Other trials have been performed (hypotheses Hr. H2 and H3). assum- 

mg that one or two of the postulated complexes would not be present The values of R 
which we have obtained are all htgher than both R. and RIIm Furthermore. In the most 

favorable case, the rdtro R3/Ro (about 12) 1s greater than the Hamdton test value at the 

0 05 srgrufrcance level, R2r4,,e1 e es = 1 86, 7 At this level it IS reasonable to reJect all the 

alternative hypotheses dnd to conclude that the chemtcal model assumed IS most probably 

the best soiutron of the complex formatron equrhbrmm These results can be shown more 

cleariy m Frg 1, where the correspondmg R factor dragram has been reported He IS con- 

srdered to be the umque solution of our system 

(11) Coppcr(ll) + NlVN’N’-tetra~netIrylct~~_vle~le~~a~~~~~~e 

The complex formatton equrhbrmm m aqueous solutron between t me copper(I1) ton 

and NNN’N’-tetramethylethylenedramme (Me,en) has recently been mvestlgated ” 

Several hypotheses dbOUt the chenxcal model for this system have been put forward, 
constdermg the possrble formatron of numerous complex species The best fit of euperr- 

metal ddta was obtamed assummg that the following SIX complexes were present in the 

equthbrmm mixture. VIZ Cu(Me4en)2+ Cu(OH)(Mejen)+ Cu2 (OH)2(Me4en)$“, 

Cu2(OH)2(Me4en)2+, Cus(0H)4(Me4en)$+ and Cu(OH)2(Me0en) 

The value of the R factor calculated for such a hypothesis (Re = 0 00141) IS well below 
the estimated value of Rlln,, 0 00350 As shown m Fig. 2. five other trials on different 
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chemrcal models led to R factors lower than RI,,, Furthermore. the value of the 
Hamtlton ratto for thus system, R aes,r45,e e5, 1s equal to 1 848 and, usmg the Hamilton 

test. none of the five altematrve hypotheses may be rejected From the mathematical 
point of vtew, HO 1s the best solutron. from the statistical point of view, there 1s no stgm- 
fkant difference among all these hypotheses As a consequence, the choice of the chemr- 
cal model for this system is a matter of personal Judgment. 

Coord Chem Rev, 8 (1972) 
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D CONCLUSION 

The values of the Ham&on test ca!culated for thts type of system range between 1 8 

and 2 0 These are rather high values, because, on this baas, hypotheses are to be reJected 

only if the correspondmg R factors are at least twxe Ro, and, as a consequence, non-unique 
solutions may often occur This IS due to the fact that the number of degrees of freedom 
of the system is much rower than the number of parameters_ The least squares adjustment 

is not so overdercnmned as would sometrmes be necessary. The avarlabrhty of other types 

of addrtronal eupermrental mformatron, such as measured values of the concentratron of 

the free metal ran and/or the free hgand. would surely be of help m these particular 
sltuatlons 
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